A dynamics study of relaxation and fragmentation of icosahedral argon cluster with a vibrationally excited Ar2 + (v) is presented. Local translation is shown to be responsible for inducing energy flow from the embedded ion to host atoms and fragmentation of the cluster consisting of various low frequency modes. The total potential energy of (Ar2 + )Ar 12 is formulated using a building-up procedure of host-guest and host-host interactions. The time dependence of ion-to-host energy transfer is found to be tri-exponential, with the short-time process of 100 ps contributing most to the overall relaxation process. Relaxation timescales are weakly dependent on both temperature (50-300 K) and initial vibrational excitation (v = 1-4). Nearly 27% of host atoms in the cluster with Ar2
Introduction
The ions of inert gas clusters have been the subject of much research during the past decades both experimentally and theoretically. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These studies have focused on fragmentation, 1,4,14-16 thermochemistry, 5 ground-state geometries, 3, 6, 11, 13, 17 interaction potential energies [7] [8] [9] and energy transfer dynamics 10, 19 among others. Small to medium-size clusters occupy an intermediate position between gas and condensed phases. Such clusters with embedded guest (or impurity) molecules provide an attractive model system for studying the physical and chemical processes, such as solvent effects, evaporation, melting or vibrational relaxation.
2,10,19
Many-body host-host and guest-host interactions induced by nonbonding interactions can lead to a potential energy surface with periodic local minima, which can influence the motions of guest molecules and the fragmentation of host atoms. Argon clusters provide a large enough space where a diatomic or small polyatomic molecule can be embedded to play its role on intra-cluster processes such as energy flow and subsequent fragmentation.
In this paper, we model a vibrationally excited ion embedded in an icosahedral argon cluster, ( )Ar 12 , and study the energy flow from the ion to host atoms and the fragmentation process ( )Ar 12 → ( )Ar n + (12−n)Ar. The contents are organized as follows. The Model and Methods section describes the environment of the ion embedded in the first solvation shell, formulation of intramolecular and Ar-Ar intramolecular potential functions and method of solving the equations of motion. The extents of energy flow and fragmentation are presented in the Results and Discussion section followed by the Concluding Remarks section. Dynamics studies are carried out by integrating the equations of motion for 5000 clusters, which contain 60 000 host atoms and 10 000 atoms of the guest ion, over the temperature range of 50-300 K and initial vibrational excitation v = 1-4 of .
Model and Methods
Cluster Geometry. The host atoms in the icosahedral cluster ( )Ar 12 are numbered as in Figure 1 , where the 6th and 12th atoms are at the axial positions on the Z axis. The diatomic ion is placed in parentheses. The n = 1-5 atoms are in the upper 5-atom layer at θ = 58 o and φ = 0, 72, …, 288 o , respectively, whereas n = 7-11 are in the lower 5-atom layer at θ = 122 o and φ = 36, 108, …, 324 o , respectively. Individual host atoms are identified as Ar(1), Ar(2), …, Ar(12), respectively. Subscript numbers are reserved for cluster sizes in discussing fragmentation products; e.g., subscript 6 in ( )Ar 6 of ( )Ar n , where n = 1-12. The two atoms of are identified with a subscript as Ar ion(1) and Ar ion (2) to distinguish them from host atoms Ar(n). A vibrationally excited embedded in the cluster interacts with 12 host atoms, while undergoing local translation (δ). In Figure 1 , we take Ar(5) as an example and denote its displacement from its equilibrium position by q 5 ; see the shaded Ar′ (5) . The instantaneous distance between Ar(5) and a nearest neighbor Ar(n') is (d − q 5 + q n' ) or in general, (d − q n + q n' ) between nth and n'th atoms, where d is the equlibrium distance between the first-neighbors. The distance (−q n + q n' ) represents the distortion of the ( )Ar 12 con- figuration from the regular icosahedron geometry, the distortion which can become particularly severe in the presence of an embedded guest. In addition to 24 ion-host (ion-h) atom interactions, the cluster consists of 30 firstneighbor, 30 second-neighbor and six third-neighbor hosthost (h-h) interactions. Interaction Potential Energy. The distances from Ar′(5) to Ar ion (1) and Ar ion (2) are denoted by R Ar(5)-ion (1) and R Ar(5)-ion(2) , respectively. These ion-h distances are
where r is the instantaneous bond distance of and c = −1. The same expression with c = 1 is for R Ar(n)-ion (2) . Here L n is the distance between the center of mass (c.m.) of and nth host atom, and n = and = 3.892 Å represents the distance between the cluster center or cage center (cc) and the initial position of Ar(5) or the radius of the present cluster.
19 This distance forms a cage space large enough to embed , whose equilibrium bond distance is 2.4221 Å.
20
The explicit forms of the angle Θ n , defining the orientation of Ar n in the cage are
for n = 7−11 and λ = 1, 3, 5, 7, 9.
For n = 6 and 12, Θ n = θ. The angle factors cosρ n and cosχ n in L n are replaced by the orientation averaged values 0 and ½, respectively.
21
The total interaction energy needed to describe the dynamic processes taking place in the cluster ( )Ar 12 is a sum of the intramolecular potential of , host-host interactions, host oscillations and host-ion interactions including the polarization contribution, (2) The first term is expressed in the Morse form (3) where r e is the equilibrium bond distance 2.4221 Å 20 and the exponential range parameter calculated from = , with D e = 1.3903 eV 7,20 and = 307 cm −1 22 is 0.317 Å. When the latter potential parameters are used, Eq. (3) is in close agreement with the observed and computationally determined energies.
7,20,23
The host-host interaction potential is (4) where the summation is over all pair-wise interactions and the Lennard-Jones (LJ) constants are ε = 143.224 K (or 0.01234 eV) and d = 3.757 Å. 24, 25 For n = 1, the firstneighbors are Ar(2), Ar(5), Ar(6), Ar(7), Ar (11) , and the second-neighbors are Ar(3), Ar(4), Ar(8), Ar(10), Ar (12) , and the third-neighbor is Ar (9) . It is important to establish the range of distances, which best describe the present cluster environment embedded with . For a regular icosahedron with = 3.892 Å, the nearest distance between the apex atoms is 4.092 Å. In this expanded cluster, host atoms oscillate around their nearest equilibrium positions separated from their first-neighbors by 3.757 Å. If we take a 4% displacement for each atom, the maximum and minimum distances between the atoms of the first-neighbor (or a dimer) are 4.057 and 3.456 Å, respectively. Thus the apex distance 4.092 Å in the expanded cluster creates a large enough shell area for the neighbors to move without suffering significant repulsive interactions. In the expanded cluster, the distance between the second-neighbors is 6.621 Å, whereas that between the third-neighbors is 2 = 7.784 Å.
We describe the oscillatory motion of each host atom around its equilibrium position in the form (5) where D Ar measures the energy exerted by each neighbor, which we set equal to ε. The exponential range parameter is a Ar = (D Ar /2m) Jongbaik Ree et al. (6) where α Ar = 1.64 Å
3
. 28 As the distances in Eq. (6) are dependent on the coordinates set , the ion-h energy determines the coupling of all motions in the cluster, thus playing a central role in the dynamics processes.
Potential Energy Surfaces. (1) with the axial atom Ar (6) , whereas that at θ = 180 o is for the interaction of Ar ion (2) with Ar (12) . The five peaks fit nearly perfectly the 5-fold symmetry expression
, indicating that the rotational motion in the φ-direction is hindered strongly. Here E h = 0.363 eV is the peak height measured from the valley. The frequency of the hindered motion is
, where n = 5 and is the moment of inertia of the ion. As θ approaches 90 Equations of Motion. The equations of motion needed to solve for the time evolution of atom-atom distances and angles in the cluster ( )Ar 12 are (7-1)
, n = 1-12 where is the reduced mass of the ion and = 2m Ar . We take a sample size of 5000 trajectories and integrate the equations of motion for 5 nanoseconds. Initial vibrational energies of correspond to the quantum values of 3/2ħω, 5/2ħω, 7/2ħω and 9/2ħω, which will be referred to v = 1, 2, 3 and 4, respectively. Numerical procedures using the standard routines based on the Adams-Moulton method 29 and randomsampling of initial conditions for r, θ, φ and {q} are given in ref. 21 .
Local translation mediates energy flow from vibration and rotation to host atoms, the process which can lead to fragmentation of ( )Ar 12 . The rotation PES shown in Figure 2 (a) indicates that the ion-h attraction dominates in the valleys between steeply rising peaks. The ion tends to travel along the attractive-interaction region undergoing an oscillatory motion. The motion describing the oscillatory behavior can be determined from the orientation-average of Eq. (1), which can be converted to a quadratic form to represent the oscillatory motion: <V(δ)> = <V(0)> + ½ , where the second derivative is evaluated at r = r e , {q} = 0 an δ = 0. The solution of the equation of local translation described by the quadratic function gives Where E is the energy of collision between the ion and host atoms.
Results and Discussion
Energy Relaxation. The solution of the equations of motion given above for the total interaction energy describes how the local translation, rotation and vibration of the ion, ion⋅⋅⋅host and host⋅⋅host distances evolve with time, and, in particular, their asymptotic behaviors at t → +∞. Before discussing the time evolution, we examine the dominant vibrations in the cluster; see Figure 3 , where the Fourier transforms of the temporal development of q n , δ and ion bond distance are shown. The host vibration is significantly structured between 15 and 60 cm . We note the presence of many other frequencies for the vibrations of host atoms; the peak shown here is a representative of them. The well-defined frequency of local translation obtained from the Fourier transform of the time dependence of δ is 121 cm −1 , which is close to ν = = 1 2 7 −1 obtained from Eq. (8-1). Also shown in Figure 3 is the 303 cm −1 peak for the embedded ion, which is red-shifted slightly from the fundamental 307 cm −1 of the free ion. 22 Although not shown in Figure 3 , we note the presence of yet another low frequency mode, the hindered rotational motion of a frequency 103 cm −1 . Thus the cluster is filled with low-frequency modes, the collection of which plays an essential role in promoting the vibrational relaxation of embedded ion and in turn, fragmentation of host atoms.
We now show the time evolution of intra-cluster motions. Figure 4 (a) displays several trajectories representing shorttime events occurring at 300 K for v = 1. Host atoms dissociating during the very early period are presented by trajectory A. Some host atoms dissociate after a short period of large amplitude motion (see C and D). Also shown is a representative of nondissociating events for comparison: see trajectory E. The time evolution of trajectory B is particularly interesting. For a clearer presentation, we reproduce it on an expanded scale; see Figure 4 (b). After some irregular motion during a very early period, the atom jumps to another site for a brief residency of ~70 ps, during which it performs a large amplitude oscillation before dissociating at t ≈ 100 ps. The -Ar(n) distance of this transient state is close to twice the first-neighbor Ar-Ar distance, suggesting the formation of a second shell site for a brief period. We find that a significant number of trajectories undergo such site-hopping before fragmentation, while others lead to direct fragmentation as shown by trajectories A, C and D.
Ar 2 + Figure 3 . Power spectra of ( )Ar 12 for Ar vibration (highest peak 33 cm . A tri-exponential form is needed to describe a rapid decrease in the energy during the early period of interaction and a slow variation toward the limiting value at a long time (>1 ns). The relaxation rate constants k 1 and k 3 represent these short and long timescales of energy transfer process; i.e., k 1 −1 ≈ 10 ps, whereas k 3 −1 ≈ 1 ns, respectively. The intermediate timescale k 2 −1 ≈ 70 ps represents the period immediately following the early drop of vibrational energy, so it can be considered as part of the lower end of the short timescale. The energy c o = 0.0106 eV is the amount left in the ion in the limit t → ∞ and is about half the zero-point energy 0.0190 eV of in the present quasi-classical calculation. For v = 4 also at 300 K, the vibrational energy tends to the limiting value c o = 0.0135 eV, more rapidly than the v = 1 case. Energy flow is shown to be still very active beyond 1 ns. In fact, local translation continues to pump vibrational energy even after time as long as 3 ns, when energy flow is no longer active in the low vibrational excitation case of v = 1. Figure 6 (a) shows the temperature dependence of the relaxation rate constants. The value of k 1 increases only slightly from 7.83 × 10
10 at 50 K to 1.01 × 10 11 s −1 at 300 K. Similarly, the long-time constant k 3 increases from 4.64 × 10 8 s −1 at 50 K to 1.05 × 10 9 s −1 at 300 K. The temperature dependence is weak in each case, but the scales of short-and long-time energy relaxation processes differ by two orders of magnitudes. The effects of initial vibrational excitation on energy transfer at 300 K shown in Figure 6(b) are not significant. At 300 K, the rate constants vary weakly with the vibrational excitation of , also showing the longtime process is slower than the short-time event by two orders of magnitude. A negative dependence of k 3 on the initial vibrational energy results from the difficulty of transferring the last trace of vibrational energy from the highly excited ion to local translation.
Fragmentation. In the cage environment, local translation causes the embedded ion to collide continuously with host atoms which oscillate around their equilibrium positions. The energy released by the excited and thermal energy of local translation lead to the fragmentation of host atoms, which oscillate around their equilibrium positions. The fragmentation process can then be analyzed in terms of the time evolution of the distance between the host atom and the c.m. of the embedded ion; see Figure 4 (a). The extent of host atoms dissociated from 5000 ( )Ar 12 clusters with (v = 1) increases from 25% at 50 K only slightly to 29% at 300 K. For v = 4, where a greater amount of vibrational energy is released to host atoms, the extents at 50 and 300 K are 39 and 43%, respectively. The axial atoms Ar(6) and Ar(12) positioned on the Z axis dissociate much more readily than others. At 300 K, 77 and 96% of Ar (6) and Ar(12) of clusters with (v = 1) dissociate, respectively, whereas fragmentation is significantly less for layer atoms. In the lower layer, the extent of fragmentation sequentially decreases from 85% for Ar(11), 48% for Ar(10), 18% for Ar(9), 5% for Ar (8) and 1% for Ar (7) . On the other hand, the extent of fragmentation of host atoms in the upper layer is very low, the percentages being 13% for Ar(5) and only 2% of Ar(4). The host atoms Ar(3), Ar(2) and Ar(1) do not dissociate at all.
The above numbers indicate the extent of fragmentation from the lower hemisphere is nearly three times that from the upper hemisphere in the model shown in Figure 1 . The extent of fragmentation is nearly independent of temperature and vibrational excitation. The most frequently dissociating atoms are the two axial atoms and Ar(10) and Ar (11) . Further, these atoms dissociate on a short-time scale characterized by the k 1 −1 timescale discussed above. For example, 65% of dissociative events of Ar (12) in 5000 ( )Ar 12 with (v = 1) at 300 K occur within 100 ps from the start of ion-h interaction. Only 6% dissociate in 2 to 5 ns. As the initial burst of fragmentation consumes most of the available energy, the remaining bound atoms have a difficulty in gaining energy from various low frequency motions, thus taking a longer time to dissociate or do not dissociate at all. The most important mode of fragmentation is due to the energy flow from the embedded ion sequentially to host atoms Ar(11), Ar(10), Ar(9), Ar (8) and Ar (7) via the apex atom Ar (12) , where collective motions of all lower-layer atoms facilitate energy flow and fragmentation induced by the apex atom. The apex atom Ar(6) also initiates a fragmentation string in the upper layer but its effect does not propagate long. This result leads to the formation of intermediate-sized clusters mainly composed of (undissociated) layer atoms in a short-time period. We note that when the icosahedron sketched in Figure 1 is rotated by 180° in the θ direction, Ar(1), Ar(2), …, Ar(6) now form the lower hemisphere, but the same fragmentation pattern is found as renaming the axes or renumbering host atoms does not lead to a different configuration. In fact, any host atom and its five nearest neighbors in an icosahedron form a hemisphere.
The important point to be made is that fragmentation occurs efficiently from one hemisphere over the other via a chain of consecutive events from axial to layer atoms. For a fixed cluster structure, there are thus preferred sites and pathways of fragmentation facilitated by collective motions of the host atoms in one of the hemispheres at and below room temperature. Figure 7 shows that the principal fragmentation products of ( )Ar 12 → ( )Ar n + (12-n)Ar are clusters with n between 7 and 10, the distribution peaking at n = 9 for v = 1. For (v = 1) at 300 K, 29% of host atoms dissociate as mentioned above, leaving 71% of them intact at various sites in the cluster. The majority of these bound atoms is in the n = 10, 9 and 8 clusters. The distribution of cluster sizes shown in Figure 7 is the number of ( )Ar n clusters divided by the total number of ( )Ar 12 sampled. The distribution curve for (v = 1) at 300 K is peaked at the size 9 or ( )Ar 9 . The distribution for the same vibrational excitation at 50 K is very similar to that at 300 K. Below n = 8, the probability decreases rapidly with decreasing cluster size.
As noted above, after several host atoms dissociate, the available energy remaining in the cluster is low, so further dissociation forming smaller clusters becomes increasingly difficult. In fact, no clusters with n = 1 and 2 are found in all cases shown in Figure 7 . The figure also shows that the number of undissociated clusters ( )Ar 12 is negligible, the probabilities being only 0.004 and 0.021 at 300 and 50 K, respectively. When the embedded ion is excited to v = 4, the amount of energy transfer to host atoms is significantly larger than the low excitation case (see Figure 5 ) and the probability peak shifts downward with the dominant products being ( )Ar 7 and ( )Ar 8 ; see Figure 7 for the v = 4 curves at 300 and 50 K. The size distribution shows that n = 12 and 11 clusters are now absent, while small but noticeable probabilities are found for n = 1 and 2, which reflects host atoms have difficulty of gaining the last trace of energy for dissociation, as noted in Figure 6 (b). For example, the probability of producing ( )Ar 10 for v = 4 at 300 K is only 0.015, far less than the v = 1 probability 0.20, whereas the probabilities for small clusters such as ( )Ar 2 are 0.013 and 0. Although their curves are not shown, we note that the cluster size distribution for v = 2 and 3 takes intermediate positions between the v = 1 and 4 curves shown in Figure 7 .
Conclusions
We report the results of dynamics of intra-cluster energy flow and fragmentation of icosahedral ( )Ar 12 with a vibrationally excited core ion over the temperature range of 50-300 K. The time evolution of vibrational energy transfer calculated in classical mechanics procedures using an analytic representation of the many-body interaction potential can be fit closely to a tri-exponential expression, which shows energy relaxation taking place over a wide range of time. The main portion of the vibrational energy of flows to host atoms via local translation on a picosecond scale and leads to fragmentation of the cluster. The dependence of relaxation rate constants on temperature and initial vibrational excitation of the diatomic ion is not strong.
About one-quarter of ( )Ar 12 with the ion in v = 1 are found to fragment into various sizes in the temperature range 50-300 K. The extent of fragmentation nearly doubles for the ion in v = 4. The size distribution of fragmentation products is peaked for ( )Ar 9 for v = 1 and is nearly independent of temperature. The peak shifts to ( )Ar 8 for v = 4. The overall feature of size distribution varies significantly as vibrational excitation increases. Nearly all axial atoms Ar (6) and Ar(12) dissociate within a short-time period of ~100 ps. Further fragmentation is dominated sequentially by the layer atoms in one hemisphere of the icosahedron over another, which is a sign of regioselectivity showing the preference of energy flow in one region over all others. Thus efficient pathways of fragmentation in the vibrationally excited ionembedded cluster appear to be collective motions of nearest host atoms surrounding the apex site induced by the local translation of the core ion. 
